Abstract--For the HERA luminosity upgrade two types of compact multifunction slIperconducting magnets, denoted GO and GG, II re needed for i nstllllation inside the exi�ting ZEUS and HI experimental detectors ill the year 2000. These mllgncts contain multiple concentric coil layers orgf\llizcd into independ ently powered quadrupole, di llole, skew quadrullo1e and skew dipole coil windings. Productiun of tile firsl of three GO magnets using II newly constructed coil winding machine is currently in progress lit BNL. The GG design is heing completed and parallel production at HNL of three GG units will stllrt soon. In this paller we highlight HERA upgrade magnet design challenges, present our prod u dion solutions a nd relate experience and results gained from wlirm lind cold testing of short model lII(1gnets.
INTRODUCTION
The present HERA lattice has no accelerator components within the experimental region, ± 5.8 m from thc interaction point (l P) bm the HERA upgraded lattice [1] [2] [3] [4] has new supcrconducting magnets, GO and GG, starting at -1.75 m and +1.7 m to provide earlier cp beam separation and additional IP focusing. The layout is shown schematically in rig. 1.
Both the GO find GG inner vacuum beam pipes mu st accommodate electron and proton beams diverging from the II'. The GG magnet needs additional horizontal aperture to pass a 25 kW electron beam synchrotron radiation fan generated in GO and other upstream magnets . The GO cross section is shown in Fig. 2 . The GO outer cryostat is eons- UNJ. j� responsible for dc,igl1 and produc lion of multilayer sllpercond llcling magnets in minicryostats, cryogenic hardware and gru;·coolcd lead assemblies Ilw! must fil wilh HERA delcctor�.
Three magnet pairs me needed: 11 1, ZEUS a"d one �pare.
Manu,cript received Septemher 27, 1999.
Work supported ill pml by the U,S. Neither magnet has enough radial �paee lor an i ron yoke.
Also, as indicated in Fig. I , the magnets are inside detector solenoids with background fields of the order of 1,5 T;
therefore, magnetic construction materials are avoided lest they spoil field q uality or generate strong magnetic forces,
Another solenoidal field erlce! is the interaction with current in the c oi l windings that produces magnetic forces and torques at coil ends. The cold mass will he supported against movements within the cryostat due to these forces via braces, which are stainless steel keys in G I O-slots.
Finally, GO and GG arc interaction region magnets, where relatively large electron beam f3,-fllnclions OCClll'. I30th magnets have challenging field uniformity targets. Since the clectron beam is horizontally omet (X) by different amounts in GO and GG, HERA field harmonics arc specified on a circle of radius 25 mm offset by X = 6 mm for GO and X = 20 mm for GG. meld harmonics should be S 1O-4 at these offset positions, In practice, it is more conven ient to measure on a circle of radius 31 mm, centered in the magnet and Lhen transform to the offset position and the smaller radius. We note that the H I::l RA upgrade magnets must have good ficld regions extending slightly beyond 2/3 of the inner coil fad ius.
II. COIL DE... SlGN
The technology used to wind thc l -IERA upgrade magnets was originally developed foJ' the RHTC corrector and helical magnet programs [5] . The HERA conductor is a twisted cable consisting of 7 sLrands of superconductor wire which are the same size as used for the cable of the helical magnets, 0.33 mm, hut having more �upereonductor (Cu:Sc ratio I.B:l). The cablc is made with a G-around-l geometry.
Current ramping tests of an early prototype coil allowed us to determine that 8 �Lm filament size is appropriate [6] . The cable is insulated with an overlapping Kapton wrap and has an added ollter adhesive coating. Splicing sub-coils with the same winding handedness, i.e, always winding from inner to outer brings about a subtle field harmonic effect. Due to the way neighboring sub-coils get connected, the sub-coils difrer by a fraction of a turn and thus contribute differently to the transfer function. This in turn drives the skew quadrupole harmonic in a dipole coil or a skew octopole in a quadrupole coil. Fortunately it is simple to correct for this effect by adjusting neighboring sub-coil straight section lengths by a few millimeters. The instructions ror a given sub-coil pattern arc saved in a COTLGEN output tile,
SUb-coil Splice
Fig, 3, GO quadrupole coil layer consi,ling of lour independently wound sub-coi Is witil tllrcc SUb-coil sri icc� This coil patlcrn uses two straight section Ilmmollic ,pacers and increased ccnter-to·center cable cll(l-spacillg to achieve aeecptahlc field Iwnnonics. Recent winding lests dcmon�tmtc that we can eliminate sub·coi I ,pliec, hy eOlltillullw;ly winding !>ub-coils in pair5, Pair winding j� 110t implemented for GO prodtlCI iOIl but ,hould he for (J( ,.
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Typical integral field harmonics for production GO quadlupole und dipole layers are displayed in Table I . These harmonics arc expressed in "units" at R =, 31 mm, coil 0.05 h r, 0.00 0.00 head uses a cable feed mechanism to pay Ollt cable directly under a stylus, U ltrasonic waves, generated within the resonating stylus, are coupled through the cable into the underlying substrate. The b-stage epoxy on the snbstrate melts just enough to tack the cable into place on the support tube. Wiring proceeds under computer control with a gantry a�sembly moving the wiring head along the SUppOlt tube while simultaneously t ilting and rotating the winding head in a coordinated mannel·. There are 11 axes controlled during coil winding: 8 of the axes are mechanical and 3 are process variables.
Immediately after a complete coil layer is wOllnd, room temperature magnetic measurements are made to verify proper cable placement. At this point the cable layer can still be removed if a severe problem is detected. The measure ments are done with a rotating coil system consistlng of five 0.914 m long tangential windings and a gravity sensor. Data are taken at both +2A and -2A excitation and background fields are subtracted using a slraight line fit to the normal and skew components of each harmon ic. Since all the sub-coils me not spliced together in a production configuration during the warm measurements, particular care is taken to position the leads in a reproducible manner.
If magnetic measurements confirm that the coil layer is acceptable, G to pieces are then fitted to fill voids at the coil poles and spacers. Next, e p oxy resin of typc Emerson and Cuming 2850-FT, loaded with alumina, is llsed to fill any remaining frec space between coillurns and the G I 0 spacers. Alumina loading imparts a low effective expansion rate and a high thermal conductivity. We use 24LV lype hardener to lower the mix viscosity for case offilUng small voids.
To provide coil prestress, the cured coil i� compression wrapped at 0.7 tums/mm (18 tUfIlslinch) and 134 N (30Ib) tension with Owens Corning S-2 glass TOving which has an added B-stage epoxy impregnation [7] . The S-glass wrapped coil is cured again in a special fixture to provide a firm uniform smface for winding the next layer. In the beginning of the project, we compared coil harmonics before and after cach wrap and cure step and found the field harmonics to rcmain constant to better than 0.5 unit. The only significant change is an anticipated small increase in transfer function as the fresh cable layer is pressed inward by the compression wrap during curing. Thus, the harmonic measurements made immediately after winding turn out to be good indicators of field quality during production.
IV. WINDING TESTS AND WARM MRASUItEMENTS
A short multi layer test magnet having three 0.6 I m long quadnlpo1c layers followed by an additional 0.53 m long dipole layer was produced IIsing the above procedures. The magnet simulates the dipole and quadrupole layers of GO.
Warm measurements of each of the three quadrupole coils of the short tc�t magnet, as well as with all the three coils connected in series, are summarized in Table I\ . Note that the first quadrupole layer has a sizeable hb (allowed) component. This arose because o ne wire had to be omitted during winding from the sub-coil pattern due to a lack of space (caused by winding on a spare support tube that had a radius smaller than the design). Tho second layer pattern was wound with a correct average radius according to the design and had a much smaller br" but due to differences in radial buildup between GlO spacers areas and cable areas, its bin is slightly higher. Both layers had the same length sub-coils in each quadrant and the variation in sub-coil transfer function due to lead splicing di�cussed earlier was found to give a noticeable <14 term. The skew terms of order higher than the IS-pole are below 0.1 unit. Longitudinal scans indicated that the largest error harmonics come from the body (2D) and not from the coil ends
Once we measured harmonics for the first two quadrupole layers, we decided, before winding the last qnadrupole layer, to sce if it would bc possible to compensate the observed b6, hlO and a4 harmonics by deliberately introducing counter harmonics in the third layer. Compensation proved to be quite successful as can be seen in the last column of Table II . The largest residual harmonics, b, and bj, are only 1.3 units �t lhe 25 mm radius and 6 mm horil.onlal offset, even though very largc corrections were made.
A single layer, 0.53 m long dipole coil was then wound atop the quadrupole test magnet layers de�eribed above.
While the return end of the dipole coil started at the sa me tube location as lor the quadrupole layers, at the lead end the dipole coil could not extend as far as the quadrupole did in order to be able to bring out the quadrupole leads. Also for field quality reasons the dipole coil end regions had to be made al most twice as long as for the quadrupole coils; so the dipole straight section cndcd up being vcry short. The pre�cnt status of quench testing is {IS follows:
1. The quaurupole powered alone quenches at �1l30 A (167% or qUildrupole opemtion).
2. For the dipole, with the quadrupole ilt operating current, no quenches observed up to 1000 A (300% of d ipole operation).
3. For the quadrupole, with the dipole powered at 1000 A, the quadrupole quenches at 656 A (130% of qUildrupole operation). !fwe extrapolate to the dipole's operating current, the quadrupole should quench at above 750 A (150% of quadrupole operation).
4. No changes in the quench limits were obse]'vod with the solonoid fidd at 1.5 T (miLximum H ImA solenoid field).
VI. CONCLUSIONS
We can build magnets sliccessfully with this technology.
Two areas are subjects offurtller study and development:
I. Non-concentricities ancl/or out of round support asscm blies. This is a meclumical problem with signil-icant field quality implications_ We ,He implementing correc tion procedufCs to deal with this.
2. Althollgh all quench currents exceed the maximum operating values, they me less than the calculated short sample limits. We continue to investigate this. Proe. EPIIC'96, JUI1O, 1996. 
